This study shows that the design of copper rich sulfides by mimicking natural minerals allows a new germanite-type sulfide Cu 22 Fe 8 Ge 4 S 32 with promising thermoelectric properties to be synthesized. The Mössbauer spectroscopy and X-ray diffraction analyses evidence that the structure of our synthetic compound differs from that of the natural germanite mineral Cu 26 Fe 4 Ge 4 S 32 by its much higher Cu + /Cu 2+ ratio and different cationic occupancies. The coupled substitution of Cu + /Fe 3+ for Cu 2+ in the Cu 26-x Fe 4+x Ge 4 S 32 series also appears as a promising approach for increasing the Cu + content in sulfides with a tetrahedral framework, which strongly affects the thermoelectric properties. The electrical resistivity, which decreases slightly as the temperature increases, shows that these materials exhibit a semiconducting behavior, but are at the border of a metallic state. The magnitudes of the electrical resistivity and Seebeck coefficient increase with x, which suggests that Fe for Cu substitution decreases the hole concentration. The thermal conductivity decreases as the temperature increases leading to a moderately low value of 1.2 W m -1 K -1 and a maximum ZT value of 0.17 at 575 K.
Introduction
Copper-rich sulfides represent a potential source for the realization of eco-friendly and low cost p-type thermoelectrics, with rather high figure of merit ZT = S 2 T/ρκ, where S is the Seebeck coefficient, T is the absolute temperature, ρ is the electrical resistivity and κ is the thermal conductivity. The p-type conductivity of these compounds is governed by the value of the redox potential of the couple Cu + /Cu 2+ , but requires the presence of a majority of univalent copper. This suggests that the existence of rather high p-type conductivity necessary for the generation of high-performances thermoelectric properties originates from the great ability of univalent copper to accommodate tetrahedral coordination and from the CuS 4 tetrahedra to share edges and vertices to form tridimensional Cu-S frameworks favorable to the delocalization of ptype carriers.
Based on the above statements, we believe that the crystal chemistry of copper-rich natural minerals should be taken into consideration for the generation of new p-type thermoelectrics. This is exemplified by the stannites Cu 2 ZnMS 4 (M = Sn, Ge), 1,2 the derivatives of the tetrahedrite Cu 12 Sb 4 S 13 , 3-5 of the colusite Cu 26 V 2 Sn 6 S 32 , [6] [7] [8] of the bornite Cu 5 FeS 4 , [9] [10] [11] and of the stannoidite Cu 8+x Fe 3-x Sn 2 S 12 , 12 which all exhibit attractive thermoelectric properties. In this respect, the mineral germanite Cu 26 Fe 4 Ge 4 S 32 appears as a possible thermoelectric material, as its copper-rich structure is purely tetrahedral, i.e. consists of corner and edge-sharing CuS 4 , FeS 4 and GeS 4 tetrahedra, but differs from the previous natural minerals by a higher Cu 2+ content as shown from its formula Cu + 16 Cu 2+ 10 Fe 3+ 4 Ge 4+ 4 S 2-32 . 13 Thus, we have embarked in the investigation of the Cu-Fe-Ge-S system, with a focus set on the germanite structure. We report herein for the first time on a synthetic copper deficient germanite Cu 22 Fe 8 Ge 4 S 32 and on its thermoelectric properties.
Experimental Section
Polycrystalline samples of Cu 26-x 14, 15 The shape of the diffraction peaks was modelled using a Thompson-Cox-Hastings pseudo-Voigt profile function. 16 Zero-point shift and asymmetry parameters were systematically refined, and the background contribution was manually estimated. The estimated measurements uncertainties are 6% for the Seebeck coefficient, 8% for the electrical resistivity, 11% for the thermal conductivity and 16% for the final figure of merit, ZT; they are in agreement with the reported uncertainties determined from round robin measurements on skutterudites. 17
Results and discussion

Crystal structure
High-energy ball-milling of elemental powder mixture with different stoichiometries produces fine black powders. Typical PXRD pattern of these samples is presented in the as-ball-milled powder. Then, SPS was performed at 873 K to obtain dense, highly pure and well-crystallized samples. This synthesis process, i.e. combining mechanicalalloying and SPS, was previously proved to be efficient to prepare large quantity of high purity samples of other ternary and quaternary sulfides. 7, 11, [19] [20] [21] All attempts to synthesize the sulfide Cu 26 Fe 4 Ge 4 S 32 , corresponding to the natural mineral were unsuccessful, as shown from the PXRD pattern corresponding to this composition ( Fig. S2) The room temperature 57 Fe Mössbauer spectrum of this compound fitted with two quadrupolar doublets ( Fig. 1 ) and the corresponding hyperfine parameters ( The PXRD pattern of this phase (Fig. 2) The refined atomic coordinates listed in Table 2 show that the structure of synthetic (Fig. 3a) , i.e. it consists of a similar arrangement of edge and cornersharing CuS 4 , FeS 4 and GeS 4 tetrahedra. Thus, the distribution of the cationic species in the five independent fully occupied crystallographic sites of the structure, namely (2a, 6c, 6d, 8e, and 12f), is not directly available from these refinements. However, bearing in mind that the Ge 4+ and Fe 3+ cations exhibit significantly smaller ionic radii, 22 i.e. 0.39 and 0.49 Å respectively, compared to Cu + and Cu 2+ (0.60 and 0.57 Å respectively), two cationic distributions can be proposed by considering the interatomic distances ( Table   3 ) together with Mössbauer results. Indeed, Fe 3+ must be distributed equally in the unit cell (u.c.) between the smaller 6d (4 Fe/u.c.) and 8e (4 Fe/u.c.) sites. Due to its smaller size, Ge 4+ will also tend to sit on the same sites as Fe 3+ . Thus the structure of the synthetic germanite (Fig. 3b) exhibits two possible cationic distributions over the 6d and 8e sites:
(I) "Fe 4 Cu 2 " in 6d site (M2) and "Fe 4 Ge 4 " in 8e site (M5).
(II) "Fe 4 Ge 2 " in 6d site (M2) and "Fe 4 Ge 2 Cu 2 " in 8e site (M5).
Model (I) is in agreement with the structure previously proposed by Tettenhorst et al. 13 for the natural mineral germanite (Fig. 3a) , where iron and germanium are distributed at random in the same "Fe 4 Ge 4 " tetrahedral (8e) site. However, this model implies an average ionic radius for the 8e cations ("Fe 4 Ge 4 ": r 8e = 0.44 Å) smaller than that of the 6d cations ("Fe 4 Cu 2 ": r 6d = 0.46 Å), which is in contradiction with the observed interatomic distances ( Table 3 ) for these two sites. In contrast, for the model (II) which corresponds to an equal distribution of both iron and germanium between the two 8e and 6d sites, the average ionic radii of the 8e cations ("Fe 4 Ge 2 Cu 2 ":r 8e = 0.493 Å) and of the 6d cations ("Fe 4 Ge 2 ": r 6d = 0.457 Å) fit correctly with the interatomic distances ( 
1×2.244(11) M5 -S2 3×2.310 (11) Supplementary Data (Fig. S3) . Temperature dependences of the power factor (PF), presented in the inset of Figure 6 ,
show that the three samples have similar values on the full temperature range with a maximum around 3.5×10 -4 W m -1 K -2 at 575K. These values are comparable with the ones reported for Cu 26- x Zn x V 2 Sn 6 S 32 , 25, 26 but remain significantly lower than those found in other colusite samples. [6] [7] [8] The temperature dependences of the thermal conductivity are presented in Figure 5 . All samples evidence the same temperature-dependence characterized by a decrease in the thermal conductivity from 300 K to 575 K. The thermal conductivity values are similar,
i.e. in the range of ∼ 1.7-1.8 W m -1 K -1 at 300 K and ∼ 1.2 W m -1 K -1 at 575 K. Since the electronic contribution to the thermal conductivity is rather small due to relatively high electrical resistivity, the temperature dependences of the lattice thermal conductivity, displayed in the inset of Figure 5 , are similar for the three compounds. This implies that the change in x is not significant to affect phonon scattering. The magnitudes at 300 K are in agreement with the data published by Suekuni et al. 25 and Bourgès et al. 7 in some colusite compounds. These values are nevertheless much larger (twice) than those reported in other colusite samples. 6, 8 The origin of such intrinsically low thermal conductivity in certain colusite materials has been recently attributed to the presence of short-to-medium range structural defects, which correspond to disordered regions formed during the high temperature process (unpublished experiments). Finally, the temperature dependence of the dimensionless figure of merit, ZT, is given in Figure 6 . 
Conclusion
This study shows the possibility to synthesize a Cu(I) rich sulfide Cu 22 Fe 8 Ge 4 S 32 with the germanite structure, which differs fundamentally from the natural mineral Cu 26 Fe 4 Ge 4 S 32 by its much higher Cu + /Cu 2+ ratio. Thus, the coupled substitution of Cu + /Fe 3+ for Cu 2+ appears as a promising approach for increasing the Cu + content in sulfides with a tetrahedral framework. Bearing in mind that tetrahedral Cu-S frameworks can exhibit high electronic conductivity, this point is of crucial importance for the generation of new p-type thermoelectrics. The evidence of thermoelectric properties for this synthetic germanite is in agreement with this viewpoint. Moreover, the ZT figure of merit of this sulfide, which is significantly smaller than that of the closely related colusite, strongly suggests that order-disorder cationic phenomena play a crucial role in carrier mobility leaving room for further improvement. These results demonstrate that the design of univalent copper sulfides by mimicking natural minerals and using charge balance compensation by various elements (not only iron) is a privileged route for the generation of new thermoelectrics.
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